rhizosphere environments, strain WCS358 could be recovered efficiently on a medium amended with 300 ,IM pseudobactin 358. Although low population densities of indigenous pseudomonads ('103/g of soil or root) were recovered on the pseudobactin 358-amended medium, subsequent agglutination assays with a WCS358-specific polyclonal antiserum enabled accurate monitoring of populations of wild-type strain WCS358 over a range of approximately 103 to 107 CFU/g of soil or root. Genetic analysis of the background population by PCR and Southern hybridization revealed that natural occurrence of the pupA gene was limited to a very small number of indigenous Pseudomonas spp. which are very closely related to P. putida WCS358. The PupA marker system enabled the study of differences in rhizosphere colonization among wild-type strain WCS358, rifampinresistant derivative WCS358rr, and Tn5 mutant WCS358::xylE. Chromosomally mediated rifampin resistance did not affect the colonizing ability of P. putida WCS358. However, Tn5 mutant WCS358:xylE colonized the radish rhizosphere significantly less than did its parental strain.
Fluorescent Pseudomonas spp. receive much attention because of possible environmental applications, including use in agri-and horticulture to improve crop production. Suppression of soilborne plant diseases by fluorescent pseudomonads has been demonstrated for several pathogen-host combinations, but results obtained under field conditions have been inconsistent (38, 44) . Genetic engineering offers a means of improving or combining specific properties of applied bacterial strains. One of the major applications of genetic engineering is the introduction of marker genes into fluorescent pseudomonads for monitoring of survival and root-colonizing ability. Specific markers are indispensable for distinguishing a strain of interest from the indigenous microflora. Moreover, a reliable marker has to be stable and should not affect ecologically important traits (2) . Various markers have been described for monitoring of particular strains of Pseudomonas spp., like the xylE and lacZY genes and herbicide or antibiotic resistance (2, 12, 16, 17, 19, 35, 45) . However, resistance to kanamycin and streptomycin among indigenous Pseudomonas populations hindered monitoring of Pseudomonas fluorescens WCS374 marked by a Tn5 transposon (3) . Moreover, spontaneous chromosomally mediated antibiotic resistance can have adverse effects on the ecological competence of the host microorganism (2, 12) . Since most traits involved in the rhizosphere competence of fluorescent pseudomonads are unknown, there are difficulties concerning the selection of characteristics of the genetically modified strains that should be compared with those of the parental strain. Therefore, specific markers are required for monitoring of both wild-type Pseudomonas strains and their genetically engineered derivatives in natural environ-ments. Subsequently, differences in survival and rhizosphere colonization between genetically modified strains and their parental strain can be studied.
Analysis of differences in rhizosphere-colonizing competence between genetically modified Pseudomonas spp. and their wild type has usually been limited to sterile systems. Monitoring of wild-type Pseudomonas spp. under natural conditions has been restricted to analysis of cell envelope proteins and lipopolysaccharide (LPS) profiles, which is reliable but very laborious (14) . Immunological techniques have specific problems, for example, relative insensitivity (35) . Immunofluorescent colony staining, however, is very promising for monitoring of wild-type Pseudomonas spp. (28, 41) . Nevertheless, for every strain a different and highly specific antiserum is required.
In the present report, we describe a novel marker for monitoring of wild-type P. putida WCS358 (5, 38) in natural soil and rhizosphere environments. The marker system is based on the specificity of the ferric siderophore receptor of plant growth-promoting P. putida WCS358 (6, 8, 33) . Biosynthesis of siderophores and their receptors is induced by iron limitation (11, 15, 31, 34, 36, 43) . Siderophores are low-molecular-weight compounds that strongly bind iron(III) and facilitate its transport into the cell (37) . Studies on the specificity of a group of these siderophores, designated pseudobactins or pyoverdines, revealed differences in the utilization spectra of different strains of Pseudomonas spp. (6, 11, 21) . P. putida WCS358 produces a siderophore which consists of a dihydroxyquinoline chromophore linked to a linear nonapeptide (40) . This siderophore, designated pseudobactin 358 (Ps358), is highly specific as it can be utilized by only 1% of over 103 pseudomonads randomly isolated from potato roots (6) . In strain WCS358, ferric Ps358 transport is initiated by binding of this complex to a highly specific outer membrane protein, PupA (pseudobactin uptake protein A) (8) . The structural gene of this PupA protein has been cloned and sequenced (8, 33) . Mobilization of the pupA gene into plant growth-promoting P.
fluorescens WCS374 enabled this strain to metabolize ferric Ps358 but not other ferric pseudobactins (8, 33) .
In this study, PupA was used as a marker for reisolation and monitoring of wild-type P. putida WCS358 introduced into natural soil and rhizosphere environments. Therefore, a lowiron medium was amended with Ps358 to isolate wild-type strain WCS358 selectively. With this medium, rhizosphere colonization by wild-type WCS358 was compared with that of its rifampin-resistant derivative WCS358rr and Tn5 mutant WCS358::xylE. Moreover, this medium enabled us to study the distribution of PupA among naturally occurring Pseiudomonas spp.
MATERIALS AND METHODS
Bacterial strains. Wild-type P. putida WCS358 and P. fluorescens WCS374 are plant growth-promoting and diseasesuppressing rhizobacteria isolated from potato roots (5, 18, 38) . WCS358rr is a spontaneous rifampin-resistant derivative of P. putida WCS358 (19) . WCS358::xylE is resistant to tetracycline and harbors the structural genes for catechol-2,3-dioxygenase introduced on a modified Tn5 transposon as described by Kaniga and Davison (23) . WCS374pMR is a derivative of strain WCS374 complemented with cosmid pMR, which encodes resistance to tetracycline, and the PupA receptor (8, 33) . In strain WCS374pMR47, the introduced pupA gene is disrupted by a Tn5 transposon insertion (33) . P. fluorescens BIO and Pseudomonas sp. strain E6 were kindly provided by M. N. Schroth (University of California, Berkeley), and their general properties have been described by Kloepper and Schroth (25) .
Growth media. All strains were cultured on King's medium B (KB) (24) . In soil and rhizosphere studies, population densities of indigenous Pseudomonas spp. were enumerated on KB agar supplemented with 100 p.g of cycloheximide per ml, 40 pLg of ampicillin per ml, and 13 p.g of chloramphenicol per ml (KB+) (18) . Soil and rhizosphere populations of wild-type WCS358, WCS358rr, and WCS358::xylE were enumerated on KB+Ps358, which is composed of KB+ supplemented with 300 ,uM Ps358. The pH of KB+Ps358 was adjusted to 6.9 with 37% HCl.
Purification of Ps358. Ps358 preparations were isolated from culture supernatant of strain WCS358 grown in standard succinate medium for 72 h at 24°C (36) . Ps358 was extracted from ammonium sulfate-saturated supernatant with phenolchloroform (1:1, wt/vol), followed by column chromotography with PD-10 columns (Pharmacia) as described previously (40) . The concentration of Ps358 was determined by its molar extinction coefficient of 14,000 M-' cm -' at 400 nm and pH 7.1 (39) . The (4, 5) and grown for 7 days under controlled conditions with a 16-h light period (irradiance, 60 W m -) at 21°C and 70% relative humidity followed by an 8-h dark period at 16°C and 85% relative humidity. Each treatment consisted of 10 replicates. Rhizosphere suspensions were prepared from root segments (0.3 to 0.5 g) sampled at different depths from the stem base. Therefore, polyvinyl chloride tubes were carefully emptied and root segments present in soil sections at depths of 0 to 2, 2 to 6, and 6 to 10 from the stem base were selected at random. Excess soil particles were removed gently with a soft artist's brush. These segments were suspended in 5 ml of sterile 0. Two radish seeds were planted in a polyvinyl chloride tube containing nonsterile sandy soil collected from a commercial greenhouse (28) . Each treatment consisted of 10 replicates.
Radish plants were grown for 10 days under controlled conditions as described previously. Segments (0.3 to 0.5 g) of the taproot and lateral roots were selected at random from a depth of 0 to 8 cm from the stem base as described previously.
Rhizosphere suspensions were prepared as described previously and dilution plated on selective media. (Fig. 2) , which accounts for 0.6% of the total indigenous Pseudomonas population recovered on KB+. This background population density was very low compared with the number of pseudomonads recovered on KB+Ps358 from roots treated with WCS358, except for a depth of 6 to 10 cm (Fig. 2) . Subsequent agglutination assays revealed that all of the colonies recovered on KB+Ps358 from roots treated with WCS358 or WCS358rr reacted positively with a WCS358-specific antiserum, whereas no reaction was observed in the control treatment at this depth (data not shown). These results clearly demonstrate the usefulness of KB+Ps358 for monitoring of wild-type WCS358 in rhizosphere environments. Comparison between wild-type strain WCS358 and its derivative WCS358rr revealed no difference in colonization of the potato rhizosphere (Fig. 2) . Both strains were lognormally distributed along the root system (Fig. 2) .
(ii) Radishes. From the control treatment, an indigenous Pseudomonas population of approximately 3 102 CFU/g of root was recovered on KB+Ps358 (Fig. 3) , which accounts for 0.02% of the total indigenous Pseudomonas population recovered on KB+. Again, this background population density was very low compared with the numbers of pseudomonads recovered on KB+Ps358 from radish plants treated with WCS358 (Fig. 3) . Moreover, subsequent agglutination assays revealed that 100% of the colonies recovered on KB+Ps358 from roots treated with WCS358 reacted positively with a WCS358-specific antiserum, whereas only 13.3% of the background population cross-reacted. Comparison between wild-type WCS358 and WCS358rr revealed no significant population density differences in the radish rhizosphere, but Tn5 mutant WCS358::xylE established significantly lower population densities than parental strain WCS358 (Fig. 3) .
Distribution of PupA among indigenous Pseudomonas spp. Growth of small populations of indigenous Pseudomonas spp. on KB+Ps358 enabled us to study the distribution of PupA among naturally occurring rhizosphere pseudomonads. Therefore, pseudomonads indigenous to the potato rhizosphere (depth, 0 to 6 cm) and the radish rhizosphere (depth, 0 to 8 cm) were recovered on KB+Ps358 as described previously. Approximately 30 colonies, randomly selected from both the potato and radish rhizospheres, were purified and cultured on KB. Surprisingly, subsequent EDDA assays revealed that 20 to 30% of the selected isolates were not able to utilize ferric Ps358. However, most isolates (70 to 80%) were able to utilize ferric Ps358 and were used for further studies. By analysis of their LPS profiles (14) , these isolates from the potato and radish rhizospheres were clustered into five and eight different groups, designated PTR and RDR groups, respectively (data not shown). Isolates of LPS groups PTR1 and RDR1 have an LPS pattern identical to that of strain WCS358. From all 13 LPS groups, one representative isolate was used for PCR analysis and Southern hybridization. WCS417 (Fig. 5 ) and for most of the selected isolates of indigenous pseudomonads (data not shown), except those in groups PTR1 and RDR1 (Fig. 5) . For WCS358, digestion of genomic DNA with XhoI produced two homologous fragments of 10.2 and 0.5 kb, whereas digestion with BgllI gave one homologous fragment of 5.3 kb, as expected (Fig. 5) . Hybridization with fragments of the same size was also observed for PTRl for both restriction patterns (Fig. 5) digestion also produced a homologous fragment of 5.3 kb, but
XhoI digestion produced three homologous fragments of approximately 6, 4, and 0.5 kb (Fig. 5) , apparently because of an additional XhoI restriction site in the 10.2-kb fragment, as described for WCS358. In PCR analysis, a fragment of 1.4 kb was amplified for strain WCS358, as expected (Fig. 4) . For the other isolates, amplification of this fragment was demonstrated for only two groups of indigenous isolates, PTR1 and RDR1 (Fig. 4) (6, 11) . P. putida WCS358 is remarkable in this respect, as it exploits a large variety of heterologous siderophores (6), whereas its own siderophore, designated Ps358, can be utilized by only a very small number of indigenous Pseudomonas spp. (6) . In P. putida WCS358, ferric Ps358 transport is initiated by binding of this complex to a highly specific outer membrane protein designated PupA (8) . In the present study, the siderophore receptor PupA was tested for usefulness as a marker for monitoring of wild-type strain WCS358 introduced into natural soil and rhizosphere environments. Although various markers have been described for strains of Pseudomonas spp. (16, 17, 20, 35, 45) , detection of wild-type strains is usually limited to sterile systems. In view of recent developments in genetic engineering, specific markers for monitoring of wild-type strains of Pseudomonas spp. in natural environments are needed to study possible differences in survival and rhizosphere competence between genetically modified pseudomonads and their parental strains. To develop such a detection method for wild-type WCS358, a low-iron medium was amended with 300 ,uM Ps358. In vitro studies clearly demonstrated that this medium, designated KBPs358, is highly selective for strains harboring a functional PupA receptor. The selectivity of KBPs358 is due to-iron deprivation, as it could be overcome by addition of Fe3+ (Table 1) . Surprisingly, autoclaving of Ps358 did not affect the selectivity of KBPs358, which implies heat stability of this siderophore (Table 1) . Heat stability has also been demonstrated for ferrioxamine B (9) and for siderophores used by Salmonella typhimurium (1) .
The use of PupA as a marker for monitoring of wild-type strain WCS358 introduced into natural environment was tested for both soil and plant rhizospheres and depends on the selectivity of KB+Ps358 medium. Low population densities of indigenous Pseudomonas spp. of approximately 103 CFU/g of soil or root were recovered on KB+Ps358 (Fig. 2 and 3 ) and accounted for only 0.02 to 0.6% of the total indigenous Pseudomonas population recovered on KB+. This background level of indigenous Pseudomonas spp. is equal to or even lower than the ones described for resistance to rifampin or nalidixic acid (103 to i05 CFU/g of soil) and for lacZY (16, 20 (26) . Despite the background levels of indigenous Pseudomonas spp., the efficiency of recovery of wild-type strain WCS358 on KB+Ps358 from natural soil is close to 100% for densities of 103 CFU/g and higher ( Fig. 1 and Table 2 ). Background populations recovered on KB+Ps358 from rhizosphere environments were negligible compared with population densities of wild-type WCS358 (Fig. 2 and 3) . However, for monitoring of low population densities of wild-type WCS358 (_103 CFU/g) in soil and rhizospheres, the use of PupA as a marker is limited because of the background population (Table 2 and Fig. 2 ). Subsequent agglutination assays with a WCS358-specific antiserum, however, enabled accurate monitoring of small populations of wild-type strain WCS358 in soil and rhizospheres. Since a large number of bacterial isolates has to be screened in agglutination assays, future research will focus on the combination of KB+Ps358 with immunofluorescence colony staining (28, 41) for easier monitoring of small populations of wild-type strain WCS358.
By using PupA as a marker, rhizosphere colonization by wild-type WCS358 was compared with that of its rifampinresistant derivative WCS358rr and Tn5 mutant WCS358:zxylE.
No differences in the ability to colonize both potato and radish rhizospheres were observed between wild-type strain WCS358 and its rifampin-resistant derivative ( Fig. 2 and 3 ). Changes in ecologically important traits due to introduced antibiotic resistance and Tn5 mutagenesis have been reported for Pseudomonas spp. (2, 12, 13) and Rhizobium spp. (10, 29) . These studies demonstrated that chromosomally mediated rifampin resistance does not affect the colonizing ability of strain WCS358, confirming the results of Glandorf et al. (19) . However, TnS mutant WCS358::xylE colonized the radish rhizosphere significantly less well than did its parental strain (Fig. 3) . Because the site of integration of the TnS transposon is unknown, it remains speculative whether the TnS transposon itself is the cause of the reduced rhizosphere-colonizing competence of WCS358:vxylE.
In conclusion, it can be stated that the specific siderophore receptor PupA enabled monitoring of a wild-type Pseudomonas sp. in natural soil and rhizosphere environments. Because of the structural diversity among pseudobactins produced by fluorescent pseudomonads, receptors generally exhibit a high degree of specificity (21) . Dependent on their distribution among indigenous bacteria, these receptors may be exploited to monitor wild-type strains of other fluorescent Pseudomonas spp.
